is missing. Herein, we report a simple methodology for the construction of threedimensional structures of poly-L-lysine dendrigrafts, and the subsequent investigation of their structural features using microsecond molecular dynamics simulations. This methodology relies on the encoding of the polymers-experimental characterizations (i.e. composition, degrees of polymerization, branching ratios, charges) into alphanumeric strings that are readable by the Amber simulation package. Such an original approach opens avenues toward the in silico exploration of dendrigrafts and hyperbranched polymers.
Introduction
Dendrigrafts of poly-L-lysine (DGLs) recently complemented the family of polycationic dendritic macromolecules that include the prominent polyamidoamine (PAMAM) and polyethylenimine (PEI) polymers ( Figure 1 ). 1 Because their iterative synthesis in aqueous conditions is thermodynamically controlled by precipitation and kinetically controlled by steric hindrance, DGLs share features with both PAMAM dendrimers (i.e. generation-based growth and narrow molecular weight distribution), and hyperbranched PEI (i.e. broad number of regioisomers and rapid increase in molecular weight per generation). In contrast to PAMAM and PEI, DGLs are biodegradable, 2 exhibit low cellular toxicities, 3 and turned out to be non-immunogenic. 4 As a consequence, DGLs have recently gained a huge interest in the biomedical field during the last quinquennium, with numerous applications in drug and gene delivery, 2,3,5-18 biomaterials and tissue engineering, [19] [20] [21] [22] [23] [24] [25] bio-imaging [26] [27] [28] [29] [30] [31] and biosensing. [32] [33] [34] Despite this growing use of DGLs, a deeper understanding of the molecular level properties of these macromolecules is missing. In this context, we decided to explore the possibility to construct DGLs in silico and subsequently perform molecular dynamics (MD) simulations. 
Results and Discussion

Experimental Data
As DGLs are only made of L-lysine amino acids, one could assimilate them to proteins.
However, some of the residues are linked to each other through isopeptidic bonds (i.e. amide linkages that involve the nitrogen atom of the lateral chain of lysine residues). From the data that were previousy collected in our group, 1 we extracted the degree of polymerization obtained from size exclusion chromatography (DP) and the mean branching ratio obtained from 1 H NMR spectroscopy (BR, defined as the ratio of the number of -branched Lysine residues over the total number of residues DP), which allowed us to calculate the number of peptidic and isopeptidic bonds, as well as the number of free α-and free -amine functions for each dendrigraft generation G1-G4 (Table 1) . Also, determining the protonation state at physiological pH of each generation of DGL was obviously required in order to perform accurate modeling experiments. When a molecule bears several acidic functions, the protonation state of each of them influences the intrinsic acidity of the other ones, resulting in a shift of the functions' pKa. This phenomenon is called the polyelectrolyte effect. 35 Moreover, these pKa are also influenced by several other parameters, such as the solvent exposition of the acidic functions, or their capacity to form hydrogen bonds. While the pKa of the α-amine in an isolated lysine residue is 9.16, the literature reports an average value of 7.7 for proteins' N-termini, with a low value of 6.8. 36, 37 We performed pH-metric titrations on DGLs (with trifluoroacetate TFA as counterions) in deionized water. The samples were fully acidified with 0.5 mL of 1M nitric acid, and then submitted to incremental additions of 0.5M sodium hydroxide using a 702 SM Titrino automatic titrator. The resulting titration curves are shown in figure 2. One would expect the pH to be stable below 1 mL of added NaOH since it was the required volume to neutralize the amount of nitric acid used to acidify the samples. However all the titration curves displayed a "lack" of nitric acid. This gap could be explained by the fact that not all the amine functions were protonated in the commercial powders. 38 Thus, we made the hypothesis that a part of the nitric acid added in a first place was consumed by 5 the protonation of these neutral amino groups. The second peaks of the derivatives allowed us to calculate the number of α-amino groups in the samples, except for DGLs G1 since the presence of a unique α-amino group did not result in a mesurable signal by potentiometry.
Due to the polyelectrolyte effect, the third peaks of the derivatives -corresponding to the pKa of the -amines -were barely visible. The deprotonation of these functions takes place on a wide range of pH, making it impossible to determine the number of -amines, which was therefore calculated from the ratio α (see table 1 ). The electroneutrality equation was then used to calculate the protonation fraction Θ (equation 1), where C a is the concentration of added acid, C b the concentration of added base, C T F A the missing concentration of TFA, C p the total concentration of amino groups, and C H + and C OH − the concentration of free H + and free OH -, respectively.
Equation 1 could also be expressed as a function of the pH, leading to equation 2. Applied on the experimental titration data, equation 2 gave the protonation degree of DGLs G1-G4
at a physological pH of 7.8, which was selected since all the reported applications for DGLs are in the biomedical field ( Table 2 ). It turned out that this percentage of non-protonated amine functions are in excellent agreement with the percentage of α-amine functions in the DGLs. This suggested that only the -amines were protonated at pH 7.8. Table 2 : Protonation state of DGLs G1-G4 at pH 7.8. Θ: protonation fraction; : number of free -amino groups; α: number of free α-amino groups. We assumed that, as for DGLs G2-G4, only the -amino groups of DGL G1 were protonated.
Encoding From these experimental parameters, a manual approach toward an initial set of threedimensional (3D) structures for DGLs may suffer from several flaws: i) it is highly timeconsuming to manually edit starting structures that contain all atoms and residues with a correct naming in a coherent order, as well as no crossing nor bumping between the branches, ii) it is very much error-prone since the fourth-generation G4 consists of 365 residues, iii) it is likely to be biased toward an homogeneous distribution of the residues and unlikely to be representative of the experimental characteristics of the polymers. For these reasons, a new and automated method has been designed for the construction of 3D structures of DGLs. As a first step, the macromolecules G1-G4 have been deconvoluted into six discrete building blocks, which encompass all the possible arrangements (i.e. peptidic or isopeptidic bonds, charged or neutral nitrogen atoms) of the L-lysine residues within the dendrigrafts ( Figure   3 ). Each building block was subsequently labeled with a one-letter code that unambiguously identifies it. DGL G1 could be written as the following alphanumeric string: ACCCCCCh (from C-terminal to N-terminal). It should be highlighted that DGLs were analogously synthetized in silico and at the bench, with the growth of the chains from C-terminal to the N-terminal using N -protected-L-lysine residues. Moving to a higher generation required the deprotection of the lysines-side chains, and elongation/branching/termination events from the free nitrogen atoms. 1 For the higher generation G2-G4, numbers have been introduced within the strings, which addressed the locations of the residues where branched chains were growing from (starting from the C-terminal amino acid). For instance, a possible representation of a G2 polymer using these molecular descriptors would be an alphanumeric string of 48 letters, and 6 discrete numbers (Figure 4 , Top). As a result, these alphanumeric strings encoded not only the position of every L-Lysine residues in the macromolecules, but also their connections and protonation states (Figure 4 , Bottom). The algorithm that built this sequence works as follows ( Figure 5 ). Starting from a single monomer, the chain was elongated through the iterative formation of peptidic bonds until the DP (= 8) of DGL G1 was reached.
Then, 6 (= DP × BR) residues were randomly branched to G1 in order to respect the experimental number of isopeptidic bonds. A loop was subsequently used to randomly grow the polymer through peptidic bonds until the DP ( = 48) of DGL G2 was reached. Finally, the algorithm walked through the tree and translated it into the following alphanumeric string BCDCDDDDCCh8CCCCCh7CCCCCCCCCh6CCCCCh5CCCCh3CCCCh1CCCCh, which encodes one possible structure of DGL G2. Using this algorithm, a homemade python script 39 allowed us to generate eight random -but respecting the initial experimental parameters (i.e. DP, BR, and net charge) -sequences for each generation of DGL G2 to G4 (see ESI †). Within a set, each new generation of DGL was grown from the corresponding lower one.
The coded polymers could then be converted to candidate 3D structures by using a customized Nucleic Acid Builder (NAB) program 40 from the Amber simulation package. 39,41
To put it simply, each one-letter coded residue was sequentially read by the program (from C-terminal to N-terminal), translated to a three-letter equivalent in order to satisfy the PDB three-letter conventional naming of the residues required by AMBER preparatory tools (see Figure 3 ), converted to its corresponding 3D molecular building block, and finally added at the right position to the growing dendrigraft. Preparatory ab initio quantum mechanics calculations (Hartree-Fock method, at the 6-31G level) were performed in order to assign atomic partial charges for the six building blocks A-h by using the Antechamber module of the Amber simulation Package. After each addition, the positions of all current atoms were optimized using a short conjugated gradient minimization (cut-off of 15 Å, with a maximum of 100 iterations) in order to ensure that no bond or atom overlapping was caused.
Molecular Dynamics
We performed an investigation on the structural features of DGLs by using MD simulations on the full set of 3D structures of the dendrigrafts that were generated previously (1 structure for DGL G1, 8 structures for each upper generation, 25 polymers in total). All-atom Via the Flory theory approach, we obtained the scaling relation Rg ∼ N 0.41 , where Rg is the radius of gyration and N the number of residues of the dendrigrafts. 44 The exponent of the power law lies in between the calculated values at physiological pH of 0.34 and 0.57
for poly-L-lysine dendrimers and linear poly-L-lysines, respectively. [45] [46] [47] This suggests that the dendrigrafts adopt intermediate morphologies, which may remind those of unfolded and intrinsically disordered proteins. 48 This conformational flexibility was further supported by the 2D root-mean-square deviations of selected residues 49 (see ESI †) and the Ramachandran plots of all possible residues (data not shown) along the MD trajectories, from which it was clear that no folded structure was clearly identifiable for any of the 4 generations of dendrigraft G1-G4.
In order to assess the shape of the dendrigrafts, the asphericity parameter (∆) and shape parameter (S) can be evaluated from the inertial tensor 50 described in equation 3, where M is the total mass, m i and r i are the mass and position of the i th residue, and α, β = x, y, z.
The squares of the three principal radii of gyration-R G -are calculated from the trace of the matrix-T (α, β), which amounts to the sum of its eigenvaluesλ 1 ,λ 2 andλ 3 (equation 4).
These eigenvalues are used to calculate ∆, which measures the average deviation from spherical symmetry (equation 5).
On the other hand, S further describes the ellipticities of the polymers. In three dimensions, S can be calculated from equation 7.
When applied to our trajectories, these treatments gave almost null ∆ and S values (see ESI † for full set of values). While the theoretical lowest value of ∆ is zero (i.e. characterizing a sphere) and the highest value is one (i.e. characterizing a rod), the values of S are theoretically bounded following the inequality − 1 4 ≤S≤ 2, with negative and positive values indicating oblate and prolate objects, respectively. When applied to our trajectories, the calculated values actually establish that our dendrigrafts are mostly globular, as they previously were represented in the literature (Table 3) , with the exception of the first-generation G1 that slightly tends toward a disc-shaped rod due to its linear topology. Insights into the spatial occupancy of the macromolecules were gained by combining the atomic coordinates 13 of each frame -captured every nanosecond for G1 and G2, and every 100 picoseconds for G3 and G4 -over the entire MD trajectory. The resulting volumetric maps showed that the DGLs tend to occupy a large amount of the available space as a result of the flexibility of their branches ( Figure 6 ). Table 3 : Averages and standard deviations of the asphericity (∆) and shape (S) parameters for first-to fourth-generation DGLs G1 to G4.
G1
G2 G3 G4
∆ 0.107 ± 0.034 0.029 ± 0.014 0.023 ± 0.007 0.008 ± 0.002 S -0.069 ± 0.032 -0.003 ± 0.006 -0.004 ± 0.003 -0.001 ± 0.001
Then, we plotted both the normalized atomic and cationic densities as a function of their distances from the center of mass of the polymers (Figure 7) . 51 Such an analysis revealed that: i) the atomic density shifts from the core toward the outside of the dendrigrafts with increasing generation, and ii) the cationic charges are mainly found on the outer shell layer of the dendrigrafts. The distribution of the positive charges, as well as the bulk density of the dendrigrafts, can also be appreciated from snapshots taken after 1 µs of the trajectories ( Figure 8 ). Finally, we measured the distance between all adjacent charged nitrogen atoms (NZ) using the pair correlation function (Figure 9 ). It turned out that all DGLsindependently to their generation -displayed adjacent NZ separated by a similar average distance of 8.0 Å (first peak of the curves). This latter observation relates to the synthetic route towards DGLs, 1 which implies a N -protected lysine derivative and therefore excludes an impact of the electrostatic repulsion on the ionizable nitrogen atoms' distribution. 
Computational Details
Residues were prepared with the antechamber module of AmberTools. 41 Atomic charges were generated from RESP charges extracted from HF/6-31G* optimized geometries of capped residues. Initial structures were built using the Nucleic Acid Builder (NAB) program 40 and the LEaP module of AmberTools. From the primary sequence of one dendrimer, new residues were added one by one and, at each new addition, a minimization of the full system was performed for 100 steps. All molecular dynamics simulations were carried out using the GPU implementation 53 of the pmemd program in Amber15 41 with the combination of GB-Neck2 model, 54 mbondi3 radii, 54 and ff14SB. 55 No cutoff was applied for computing the nonbonded interactions. A time step of 4 fs was used with hydrogen mass repartitioning. 56 Bonds involving hydrogen were constrained by the SHAKE algorithm. 57 Temperature was controlled with a Langevin thermostat at 300 K with a collision frequency γ = 1.0 ps −1 .
Conclusions
In conclusion, microsecond molecular dynamics simulations on second-to fourth-generation poly-L-lysine dendrigrafts revealed a myriad of conformational states accessible to them without folded states. This conformational plasticity (i.e. this ability to adaptably display positive charges to make ion pairs) may explain why DGLs are such efficient binders for anionic ligands even in the most competitive media. In addition, the generated structures can now be exploited for in-depth analyses of the interactions between these macromolecules and biologically relevant partners for future biomedical applications. More broadly, this work provides to the community a general approach toward the construction of dendrigrafts -but also hyperbranched polymers -in silico. We are therefore confident that molecular dynamics will become a pervasive tool to explore the structural features of large dendrigrafts 19 and hyperbranched polymers at the molecular level.
analyzed during the trajectories. The behavior of these amino acids within a polymer was considered to be representative of the whole macromolecule's behavior. 
